The evidence of apoptosis documented by apoptotic ultrastructure, DNA fragmentation, and caspase 3 activation has been reported in the Fas-stimulated neonatal cardiomyocytes in culture. 1 Recently, it was also reported in cultured adult rat cardiomyocytes subjected to hypoxia/reoxygenation. 2 Apoptosis is known to be an energy-requiring process of cell death. 3 A series of apoptotic processes have been observed in various cell types in culture except for cardiomyocytes, using a videomicroscope. 4 -7 These studies showed a dynamic process of apoptosis within hours common to various cell types. However, adult cardiac myocytes are terminally differentiated cells and are special in terms of both structure and function. They are provided with well-developed contractile proteins that are sensitive to Ca 2ϩ load and continually contract and relax in the in vivo situations. It is suggested that compared with other cell types, the apoptotic process must be special in adult cardiac myocytes, deserving its specificity, ie, intrinsically provided active movement. Thus, it would be of extreme interest to observe the overall process of adult cardiomyocyte apoptosis in light of its dynamism.
In the present study, we tried to delineate the overall dynamic process of apoptosis using serial videomicroscopic recordings in adult cardiomyocytes in a Fas stimulation model. Fas, one of the representative death re-ceptors, is well known to induce apoptosis in various cells including cardiac myocytes. 1, 8 Up-regulation of Fas has been reported at both mRNA and protein levels in various pathological conditions of the heart. Hypoxia up-regulated Fas mRNA in hypoxic cultured cardiomyocytes 9 and Fas protein was augmented in salvaged myocytes after infarction. 10 Fas may participate in cardiomyocyte death during acute myocardial infarction, 11 and hearts affected by autoimmune myocarditis overexpressed both Fas and Fas ligand. 12 Recently, volume overload and adriamycin treatment have been reported to up-regulate Fas in the heart, 13, 14 which suggest the possible involvement of the Fas/Fas ligand system in the pathophysiology of various heart diseases. Secondly, the videomicroscopic morphology was compared with electron microscopic findings and DNA fragmentation.
Materials and Methods

Isolation and Culture of Cardiomyocytes
Isolation and culture of adult rat ventricular cardiomyocytes from adult male Sprague-Dawley rats (200 to 250 g) were performed using previously established techniques with slight modifications. [15] [16] [17] Rod-shaped cells at concentration of 5.0 ϫ 10 4 cells/ml were plated in laminincoated dishes or slide glass chambers, and incubated with a serum-free Krebs-Ringer buffer containing 200 mol/L CaCl 2 and 50 g/ml gentamicin for 3 hours in a CO 2 incubator (95% air-5% CO 2 ) before the experiments.
Treatments of Cardiomyocytes
To induce apoptosis, the cardiomyocytes were incubated with 0.1 g/ml soluble Fas ligand (FasL; Oncogene, Boston, MA) plus 0.05 g/ml actinomycin D (Wako, Osaka, Japan) up to 48 hours., which were compared with those incubated with the buffer alone (control). The effect of caspase inhibitor was examined on the present apoptosis system by the simultaneous treatment with zVAD.fmk (25 mol/L; Enzyme Systems Products, Livermore, CA). An oncosis model was prepared by the addition of surfactant, Triton X (Sigma, St. Louis, MO), at the concentration of 0.001% to the cultured cardiomyocytes.
Analysis of the Dynamic Process of Adult Cardiomyocyte Apoptosis by Serial Videomicroscopic Recording
A plastic incubation chamber in which a mixed gas of 95% air and 5% CO 2 was constantly infused and the temperature controlled at 37°C (Olympus, Tokyo, Japan) was placed on the stage of an Olympus IMT-2 inverted microscope, and a dish with cultured cells was transferred to the chamber. For videomicroscopy, a chargecoupled device camera was interfaced between the microscope and the tape recorder. Images at a magnification of ϫ400 were recorded at normal time for 48 hours. Sixty adult cardiomyocytes with a normal rod shape were recorded just after the treatment with 0.1 g/ml FasL plus 0.05 g/ml actinomycin D. DNA Extraction and Electrophoresis: DNA released from 4 ϫ 10 5 cardiomyocytes were extracted after 0-, 6-, and 24-hour culture and separated by electrophoresis in agarose gels according to Arends and colleagues. 18 DNA in Situ Nick End-Labeling (TUNEL): After a 0-, 6-, and 24-hour incubation, the cells cultured on slide chambers were fixed with 10% buffered formalin solution for 6 hours at room temperature. TUNEL was performed on them using an ApopTag in situ apoptosis detection kit (Intergen, Purchase, NY). Slides were then counterstained using hematoxylin. The positive control was prostate tissue from a rabbit castrated 2 days before.
Caspase-3 Activity: Activation of caspase-3 was detected after 0-, 6-, 12-, 24-, and 48-hour culture by the caspase-3 colorimetric protease assay kit (MBL, Nagoya, Japan). This assay is based on spectrophotometric detection of the chromophore p-nitroanilide (pNa) after cleavage from the labeled caspase substrate.
Transmission and Scanning Electron Microscopy
After 0-, 24-, and 48-hour culture, the cells on dishes and those on slide chambers were fixed with phosphatebuffered 2.5% glutaraldehyde (pH 7.4) for 4 hours followed by postfixation with 1% osmium tetroxide for 1 hour and prepared for transmission and scanning electron microscopy in conventional manners. For transmission electron microscopy, cells were dehydrated, embedded in Epon medium, and cut into ultrathin sections (80 nm). They were stained with uranyl acetate and lead citrate, and observed with an H-800 Hitachi transmission electron microscope (Hitachi, Tokyo, Japan). For scanning electron microscopy, cells were dehydrated, criticalpoint dried, gold coated, and examined with an S-450 Hitachi scanning electron microscope.
Statistical Analysis
Values were expressed as the mean Ϯ SEM. Statistical comparisons were performed by analysis of variance followed by Newman-Keul's multiple comparisons test. A P value Ͻ0.05 was considered significant.
Results
Videomicroscopic Findings of the Serial Dynamic Process of Apoptosis Specific for Adult Cardiomyocytes
The overall process of structural and functional alterations of the 60 Fas-stimulated adult cardiomyocytes is summarized in Figure 1 . All 60 cardiomyocytes showed normal rod shapes and no beating at the start of the experiment. Of the 60 normal cardiomyocytes, 17 cells (28%) showed no morphological change and no beating within 48 hours after Fas stimulation. They preserved their smooth-surface rod shape throughout the time period. In the other 36 rod-shaped cells (apoptosis, 60%), a slow and intermittent beating (17 Ϯ 3 beats/min) was initiated at 16 Ϯ 1.4 hours after the treatment. Approximately 1 hour later, the cellular long-axial diameter was shortened as either a bone-like shape with rounded edges, a clublike shape with rounding of one-side edge, or square shaped without deformity of the cellular edges. These cell surfaces were smooth. In 29 cells of apoptosis (type A1 and A2), cellular shrinkage progressed and was accompanied by a faster beating compared with the initial slow beating. When they attained the maximal shrinkage to become almost completely round cells with a smooth surface 3.0 Ϯ 0.4 hours later, the beating disappeared. Then, after 0.6 Ϯ 0.2 hours, multiple budding formation occurred on the cells, of which the surface was smooth. Eight cells (type A1, 13%) showed further formation of apoptotic bodies 10 Ϯ 4 hours later, whereas 21 cells (type A2, 35%) did not. Cell surfaces of apoptotic bodies were preserved smooth. However, most cell surfaces of types A1 and A2 were gradually rough to become secondary postapoptotic necrosis (7 Ϯ 2 hours later in type A1 and 3 Ϯ 0.7 hours in type A2). In seven other cells of apoptosis (type A3, 12%), the cell surface of club-or bone-like-shaped cardiomyocytes became rough (secondary postapoptotic necrosis) 8 Ϯ 3 hours later, and the beating ceased. There was no budding or apoptotic body formation in type A3. In the remaining seven cells (oncosis, 12%), the cell surface gradually became rough at 17 Ϯ 2 hours, accompanied with no beating and neither bone-, club-, or square-like deformation, completely rounded, budding or apoptotic body formation (oncotic necrosis). The cell type population is summarized in Table 1 . Beating was specific for types A1, A2, and A3 cells, but was not seen in oncosis and in the unchanged cells. The initial slow beating (type A1, 24 Ϯ 9 beats/min; type A2, 16 Ϯ 4 beats/min; type A3, 8 Ϯ 2 beats/min) was continually replaced by the faster beating as the morphological alteration proceeded. The maximal beating rate was 71 Ϯ 26 beats/min in type A1, 29 Ϯ 5 beats/min in type A2, and 10 Ϯ 2 beats/min in type A3; there were significant differences among them ( Figure 1 ).
Beating cells were decreased in the group by the additional treatment with the caspase inhibitor, zVAD.fmk (Table 1) . Of 30 adult cardiomyocytes, only 9 cells (30%) showed beating and type A2 (17%) or type A3 (13%) change. In addition, 2 cells (7%) were oncotic and 19 cells (63%) were unchanged.
In 35 adult cardiomyocytes incubated with medium alone (control), 27 cells (77%) were unchanged and 3 cells (9%) underwent oncotic processes. The remaining five cells (14%) behaved in a similar manner to apoptosis as seen in the Fas-stimulated group; four cells (11%) were type A2, and one cell was type A3.
In the surfactant-induced oncosis model, the cells showed a rigorous contracture after the cell surface became severely rough. All finally became fluffy and oval-to round-shaped and finished the alteration within 1 hour after the treatment with 0.001% Triton X. They never showed spontaneous beating, bone-, club-, or squarelike deformation, complete rounding, budding, or apoptotic body formation during the course.
Effect of Fas-Stimulation on Cell Viability, DNA Fragmentation, and Caspase-3 Activity
The viability of the adult rat cardiomyocytes incubated with FasL plus actinomycin D was significantly decreased to 73.2 Ϯ 5.0% after 24 hours and to 65.2 Ϯ 6.3% of the cardiomyocytes after 48 hours, when compared with the control values at the corresponding times (Figure 2A) .
DNA ladder and TUNEL positivity were not observed 0 and 6 hours after Fas stimulation. However, only in the Fas-stimulated group without the caspase inhibitor, the DNA ladder appeared at 24 hours after stimulation (Figure 2B) . The apoptotic index based on TUNEL at 24 hours was 10.7 Ϯ 1.9% in the control and 43.8 Ϯ 16.3% in the Fas-stimulated group (P Ͻ 0.05). Treatment with zVAD.fmk concealed the DNA ladder pattern and significantly reduced the apoptotic index (9.8 Ϯ 2.6%, P Ͻ 0.05) (Figure 2 , B and C). TUNEL positivity was never observed in rod-shaped cardiomyocytes ( Figure 2D ).
There was a significant increase in caspase-3 activity after 6 hours of Fas stimulation that peaked at 12 hours ( Figure 2E ). The activity was: millioptical density/mg protein, 445 Ϯ 32 at 6 hours and 1083 Ϯ 156 at 12 hours whereas the baseline value at 0 hour was 221 Ϯ 74.
Ultrastructural Features
At 24 and 48 hours after Fas stimulation, cardiomyocytes with various shapes described in videomicroscopic findings were observed (Figure 3) . That is, the rod-shaped cardiomyocytes showed almost normal ultrastructure ( Figure 3A ). The cells with shortening of the long-axis, such as the bone-like, club-like or square-shaped cells already had glossy condensation of chromatin as an apoptotic nuclear change in the periphery of the nucleus ( Figure 3B ). In the cytoplasm, myofibrillar derangement with disappearance of the Z-band was partially evident especially in the edges of the bone-or club-like shaped cells ( Figure 3B ). The smooth-surface round cells with maximal shrinkage showed an extensive condensation of nuclear chromatin, fragmented nuclei, and shriveled cytoplasm containing diffusely deranged myofibrils ( Figure  3C ). Their plasma membrane was intact in most cardiomyocytes. The cells with multiple budding were seen ( Figure 3D ); these buddings were relatively big and appeared smooth. Smooth budding contained fragmented nuclei containing condensed chromatin, a clump of mitochondria, and deranged myofibrils. Notably, although nuclear changes were indeed typically apoptotic with respect to the sharp delineation, and the condensed chromatin mostly shaped doughnut-like but not half moon-or horseshoe-like (Figure 3 ; B, C, and D). Moreover, mitochondria appeared highly condensed and contained wrinkled bodies inside (Figure 3 ; C, D, and E). Typical apoptotic bodies were also demonstrated ( Figure  3E ). Secondary postapoptotic necrosis, defined as degeneration of subcellular organelles and rupture of the plasma membrane despite the presence of apoptotic condensation of chromatin, was observed. The number of round cardiomyocytes with secondary postapoptotic necrosis was increased at 48 hours after Fas stimulation. A part of the round cells showed the features of oncotic necrosis such as oncotic nuclear change, disrupted plasma membrane, degeneration of cytoplasmic organelles, swollen mitochondria with amorphous dense bodies, and myofibril supercontraction surrounded by edematous cytoplasm ( Figure 3F ).
Discussion
Using a videomicroscope, the present study revealed an overall series of dynamic processes of classic apoptosis in cultured adult cardiomyocytes. The dynamic process of apoptosis was previously studied using a videomicroscope in various cell types except for cardiomyocytes. As beating was not present in those cells, the apoptotic process was examined by the use of a time-lapse videomicroscope that consisted of intermittent recording. 4 -7 In contrast, the present study needed a serial recording of real time to reveal specific processes of cardiomyocyte apoptosis being accompanied by beating.
Apoptosis Is Induced in Adult Cardiomyocytes by Fas Stimulation
The present study showed the appearance of apoptotic ultrastructure in adult cardiomyocytes 24 and 48 hours after Fas stimulation, in addition to caspase-3 activation and DNA fragmentation indicated by positive TUNEL and DNA ladder. These were significantly inhibited by a caspase inhibitor.
The apoptotic ultrastructure in adult cardiomyocytes was basically similar to that seen in other cell types: cytoplasmic shrinkage, nuclear chromatin condensation, nuclear fragmentation, budding or blebbing on the cell surface, cellular fragmentation (apoptotic body formation), and final degeneration (secondary apoptotic necrosis). 4 -7,19 In addition to these common features, lipid-like structures reported in neonatal cardiomyocyte apoptosis were also observed. 1 Another distinct feature was the mitochondrial change in apoptotic cells; a close observation revealed the increased electron density of mitochondria and wrinkled cristae in some of these mitochondria. This was in contrast to the mitochondrial changes in oncotic cardiomyocytes, ie, swollen mitochondria with decreased electron density that contained disintegrated cristae and amorphous dense bodies. 20 Details of apoptotic chromatin condensation in adult cardiomyocytes were slightly distinct from those seen in neonatal cardiomyocytes or other cells; condensed chromatin mostly doughnut-likeshaped, but not half moon-or horseshoe-like-shaped.
Under videomicroscopy, type A1 showed adult cardiomyocytes changing from long axial shortening with bone-, club-, or square-like shapes, rounding and budding formation in the midway, into apoptotic bodies and secondary necrosis; type A2 showed those from long axial shortening with bone-, club-, or square-like shapes, rounding, budding formation, and then directly into secondary necrosis; and type A3 showed long-axial shortening with bone-, club-, or square-like shapes directly into secondary necrosis. According to the present electron microscopic analysis, adult cardiomyocytes with long-axial shortening (bone-, club-, or square-like shapes) showed apoptotic ultrastructure, like those with smooth-surface round shapes, budding, apoptotic body, and secondary postapoptotic necrosis. Thus, types A2 and A3 as well as type A1 were considered to be under apoptotic processes.
Caspase-3 was activated in the present model of cardiomyocyte apoptosis. Moreover, additional treatment with a caspase inhibitor, zVAD.fmk, decreased the apoptotic cells, indicating the apoptotic process in the present system was caspase-dependent.
Role of Beating in Apoptosis of Adult Cardiomyocytes
Normally, spontaneous beating is rare in adult cardiomyocytes when cultured in a serum-free medium (rapid attachment model, a popular culture model of adult cardiomyocytes). 21 Under the videomicroscope, the cells that preserved the rod shape for 48 hours after the treatment and oncotic cells did not show beating. In contrast, apoptotic cardiomyocytes first initiated beating when they were still normal rod shapes with neither apoptotic morphology nor DNA fragmentation based on TUNEL, and continued beating until the cells maximally shriveled to be round-shaped. These findings indicated that beating is an initial sign of the apoptotic process.
It was reported that apoptotic stimulation induces elevation of intracellular Ca 2ϩ level in lymphocytes, 22 and that this elevation might result from changes in sarcoplasmic reticulum Ca 2ϩ regulatory proteins, eg, up-regulation of the inositol triphosphate receptor (IP3R), that occurred during the apoptotic process. 23 Felzen and colleagues 24 recently found electrophysiological alterations such as reduction in the resting potential and action potential amplitudes, increase in action potential duration, elevated diastolic intracellular Ca 2ϩ , and increased arrhythmogenic activity in isolated adult cardiomyocytes when they were treated with the agonistic Fas antibody. Importantly, these changes were observed during the very early phase of incubation with the Fas agonist (3 hours) when the apoptotic morphology was not yet apparent. They also reported an association of IP3R up-regulation with the electrophysiological alterations. Cardiomyocyte beating (repeated contraction and relaxation) is regulated by changes in the intracellular Ca 2ϩ level. 25 Therefore, it is possible that in adult cardiomyocytes, both the electrophysiological phenomena described by Felzen and colleagues 24 and the beating in the present study are on the same line: early signs of apoptosis resulting from intracellular apoptotic events occurring before apoptosis, ie, morphological change and DNA fragmentation. Because Fas up-regulation has been reported in myocardial infarction, 10, 11 it is interesting to hypothesize that Fas may have a certain role in postmyocardial infarction arrhythmia.
Distinct apoptotic morphologies were identified in the present study, but it is not precisely clear what these morphologies mean. However, we noted a significant difference in the maximal beating rate between types A1, A2, and A3. Thus, the maximal beating rates are apparently related to the subsequent apoptotic process. Because both apoptosis and beating are energy-dependent, rapid or slow beating may reflect the original energy state of the isolated cardiomyocytes. The membrane potential necessary to maintain membrane integrity is also energy-dependent. Therefore, it is suggested that a cell with a high energy level can present a rapid beating rate and complete the apoptotic process from long-axial shortening into apoptotic bodies (type A1). Meanwhile, another with low energy level may show only a slow beating rate and may not be able to form apoptotic bodies (type A2) or budding (type A3) because of membrane damage during the early stage of apoptosis. However, because these speculations are supported by only indirect data, further experiments will be necessary in the future to confirm the hypotheses.
Study Limitation
Two culture models of isolated adult mammalian cardiomyocytes are known, the redifferentiation model and the rapid attachment model, as Jacobson and Piper 21 described. Cardiomyocytes of the rapid attachment model have a merit in maintaining the characteristic morphological features of intact cardiomyocytes. However, spontaneous beating is rare. In contrast, the redifferentiated model in which serum is supplemented in the culture media has a problem in its validity as a model of terminally differentiated cells in vivo because of loss of the specific myocyte structure. 26 -28 The detection of apoptotic morphology using this method is not easy because of the cellular deformity, although these cells contract spontaneously. Thus, we used the rapid attachment model in the present study, although a study using the redifferentiation model would also be interesting.
While observing the attached cardiomyocytes under the videomicroscope, a considerable number of the cells floated away and were eliminated from the study. Cell floating occurred not only in the Fas-stimulated group but also in the untreated group. Evaluation of these cells remains unknown.
The Fas/Fas ligand system is one of several well-investigated systems inducing apoptosis. 8 Recently, it was reported that soluble FasL or anti-Fas antibody alone had difficulties inducing apoptosis in neonatal cardiac myocytes, although in the presence of a nontoxic amount of actinomycin D, cycloheximide, or doxorubicin, these cells easily commit to apoptosis by Fas stimulation. 1, 29 However, the precise mechanism of this phenomenon remains presently undetermined.
Conclusion
In the Fas-induced, caspase-dependent apoptosis of cultured adult cardiomyocytes, beating and the subsequent deformity of the cellular edges are the initial signs, and the beating rate is associated with the three distinct patterns of the apoptotic processes.
